Methanogens represented about 0.5% of the total bacteria in sediments from a Georgia salt marsh in which Spartina alterniflora is the predominant vegetation. The population of methanogens was composed of at least two groups of nearly equal size. One group was represented by cocci which were able to utilize trimethylamine and were unable to use H2 or acetate. The second group was composed of two subgroups which were able to utilize H2 but were unable to use trimethylamine or acetate. The more common subgroup included rod-or plate-shaped methanogens which could utilize isopropanol in addition to H2 and formate. The second subgroup included Methanococcus maripaludis, which utilized only H2 and formate. Other groups of methanogens were also present, including Methanosarcina sp. which utilized acetate, H2, and methylamines. In addition to the overall variability in the types of methanogens, the numbers of methanogens in sediments also exhibited significant spatial variability both within and between tall-and short-Spartina zones.
In anaerobic marine sediments, remineralization of organic carbon is typically dominated by the activity of sulfatereducing bacteria (1, 2, 25, 30, 34) . Nevertheless, small amounts of methane are produced in these sediments, and methanogenic bacteria are present in fairly high numbers (12, 14) . Moreover, many different types of methanogens have been isolated from marine sediments including representatives of the genera Methanococcus, Methanosarcina, Methanomicrobium, Methanogenium, Methanoplanus, Methanolobus, and Methanococcoides (37, 39, 40) . Nevertheless, little is known about the relative abundance of the different types of methanogens in marine environments.
Knowledge about methanogenesis in Spartina alterniflora salt marshes is still fragmentary. These marshes can be characterized by two distinct zones: a creek-bank or tallSpartina (TS) zone where interstitial water exchanges rapidly and a short-Spartina (SS) zone where the interstitial water is essentially stagnant (11, 27; C. H. Reideburg, M.S. thesis, University of Georgia, Athens, 1978) . In both zones, the interstitial concentration of sulfate is high. However, in SS zones the concentration of sulfate is depleted with respect to that of chloride (R. Oshrain, M.S. thesis, University of Georgia, Athens, 1977) . Therefore, microniches depleted in sulfate where methanogens could flourish are more likely to occur (18, 19) . Nevertheless, the rates of methane evolution from both zones are very similar (M. J. Franklin, W. B. Whitman, and W. J. Wiebe, Abstr. Annu. Meet. Am. Soc. Microbiol. 1986 , 141, p. 171). In addition, two previous studies have enumerated the methanogens in estuarine sediments (12, 14) . However, the populations of methanogens capable of catabolizing different methanogenic substrates were not determined. Recently, 22 strains of Methanococcus maripaludis or Methanoccocus voltae were obtained from H2-plus-CO2 enrichment of SS, TS, and other estuarine sediments (41) . In this previous study, enrichment conditions were chosen which may have selected for the methanococci because of their relatively rapid growth rates.
Therefore, the abundance of methanococci in these sediments was not determined.
In the present study, the numbers of methanogens capable * Corresponding author. of growth on H2, acetate, and trimethylamine were determined in salt marsh sediments. To further describe this population of bacteria, enrichments from the highest positive dilution were further characterized.
MATERIALS AND METHODS
Sampling site. All samples were obtained from Airport Marsh on Sapelo Island, Ga. Airport Marsh is within the Duplin River watershed (32) . Sediments are clay to clay/sand and are characterized by relatively low estaurine salinity, averaging 20Yoo. SS sediments are firm and black with a strong smell of H2S; TS sediments are softer and do not smell as strongly of H2S. The artificially drained (AD) zone is an area within the SS marsh. Drainage pipes were buried at this site 2 years before this study. At the time of the study, plant growth in this zone was intermediate in height, although drainage closely resembled that in the TS zone.
Sampling procedure. Sediment cores were taken with a 2.5-cm-internal-diameter aluminum coring device and were immediately placed in flasks which were pre-and postflushed with either nitrogen or argon gas. The core depth was 10 to 15 cm. In the SS zone, this core represented the entire root mat, which included most of the methanogenic bacteria (14) . At the TS sites, this depth represented the uppermost 40% of the methanogenic zone. The flasks were sealed and then transported at ambient temperature to the laboratory in Athens, Ga.
Media and dilution buffer. Media were prepared as described previously (41) . The complex medium (McC) contained 500 ml of glass-distilled water, 500 ml of general salts solution (per liter: 0.67 g of KCl, 11.2 g of MgCl -6H20, 1 .0 g of NH4Cl, and 0.28 g of CaCl2 2H20), 10 NaHCO3 was also reduced to 2 g/liter. Other modifications have been described previously (15) .
Dilution buffer contained 500 ml of glass-distilled water, 500 ml of general salts solution, 75 ml of NaCl solution, 1 ml of resazurin solution, and 0.5 g of cysteine-HCI. The buffer was prepared by combining all the ingredients except cysteine-HCI, boiling for 5 s under a stream of N2 gas, and then adding the cysteine-HCl. The flask was sealed with a black rubber stopper and autoclaved for 20 (9) . Nonparametric statistical tests were done as described by Siegel (35) .
Microscopy. An Olympus epifluorescence microscope equipped with a BG 12 exciter filter and a Y 420 barrier filter was used to determine the cell morphology of the methanogens in the highest-positive-dilution MPN tubes after incubations of 10 and 40 days. The cell morphology of the methanogens can be determined in mixed cultures because of the presence of factor420, which has a blue-green fluorescence (10, 23) .
Purification of methanogens. Enrichments from the highest-positive-dilution MPN tubes were plated on solid medium and incubated at 30°C in a modified spray paint reservoir under an atmosphere of 100 kPa of H2 plus CO2 (80:20, vol/vol) as described previously (15) . Colonies were picked after a 2-week incubation period by using sterile syringes and transferred to McC broth. Cultures were replated several times to obtain the level of purity described below. The purity of cultures was tested by observing the presence or absence of growth in modified McC (Table 2) . Thus, the ratio of H2 utilizers to acetate and trimethylamine utilizers appeared relatively constant despite the variation in absolute numbers.
The numbers of methanogens in TS sediments were significantly lower than in SS sediments (Mann-Whitney U test; Table 2 ). The average MPNs were 2.0 x 106, 0.98 x 106, and 1.3 x 106 cells per g (dry weight) of sediment in H2-, acetate-, and trimethylamine-containing media, respectively. The average MPNs for H2 utilizers were also constant over three sampling periods (Table 3) . These values may also be compared with the average MPNs of 0.2 x 106 and 0.4 x 106 H2-utilizing methanogens per g (dry weight) of sediment during August and January 1975, respectively, which were calculated from the data of Jones and Paynter (14) . Although lower than the average values obtained in this study, they are within the range of MPNs observed. However, the number of methanogens in different cores utilizing the same substrate was even more variable than that observed in SS sediments. As in the SS sediment, the number of methanogens able to utilize different substrates within a single core was fairly uniform and varied by no more than 4.3-fold, which was not significant by the sign test ( Table 2) .
The numbers of methanogens in the AD sediments were not significantly different from those in the SS sediments (Mann-Whitney U test; Table 2 ). The populations of methanogens were not less than those in SS sediments for any of the substrates. The MPNs averaged 5.6 x 106, 7.2 x 106, and 8.5 x 106 cells per g (dry weight) of sediment in H2-, acetate-, and trimethylamine-containing media, respectively. These values were significantly greater than those obtained from TS sediments (Mann-Whitney U test; Table  2 ). Although the variability of the number of methanogens between cores was not as great as that observed in TS sediments, a pattern similar to those for SS and TS sedi- ments was observed. The variability between cores in the numbers of methanogens using each substrate was high, whereas the variation in the number of methanogens using different substrates within a single core was low, varying by no more than 4.6-fold. However, the number of H2 utilizers per g (dry weight) of sediment did not appear to be as reproducible in AD zones as in the SS or TS zones (Table 3) . Because only two cores were taken in this zone in July 1985, an adequate representation of the methanogenic population may not have been obtained.
One plausible explanation for the low variation in the numbers of methanogens utilizing different substrates within a single core was that methanogens which could utilize all three substrates predominated in these sediments and were selected in all of the enrichments. Two approaches were used to determine whether this was the case. First, an examination of the methanogens in the highest-positivedilution MPN tubes was made by epifluorescence microscopy (10, 23) . Although a few cocci and sarcinalike cells were observed, the most abundant H2-utilizing methanogens were rod-or plate-shaped cells (Table 4 ). This observation was repeated over three sampling periods (Table 5) and is (Table 6 ). This enrichment proved to be a sarcinalike organism similar to those identified in the acetate and trimethylamine enrichments. These results confirmed that the most abundant H2-utilizing methanogens represented a distinct group of methanogens which was different from those able to utilize acetate or trimethylamine. Characterization of H2-utilizing methanogens. After several cycles of plating, 28 enrichments were obtained from 11 cores from the SS, TS, and AD zones (Table 6 ). Each enrichment was obtained from the highest positive dilution in an MPN series. Therefore, these cultures should have represented abundant methanogens in the salt marsh.
The three coccal isolates and the sarcina isolate appeared pure by two criteria: microscopic examination and the absence of growth on complex medium without methanogenic substrates. Nutritionally and morphologically, the sarcina isolate closely resembled Methanosarcina spp. (40) . It was also capable of autotrophic growth in the absence of acetate and yeast extract (data not shown). The coccal isolates also grew autotrophically in the absence of acetate and yeast extract. The A600 of cultures decreased by 70% in the presence of 0.01% sodium dodecyl sulfate after 1 min and by 90% after 15 min. Cross-reaction with antiserum to M. maripaludis confirmed their identity as methanococci. Moreover, the coccal isolates cross-reacted weakly with antiserum to M. voltae or M. vannielii (data not shown).
The three strains obtained here were similar to some of the 22 isolates obtained previously from intertidal sediments in Georgia and Florida (41) . Strains of methanococci were compared by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig. 1) . Thus, the three isolates obtained in this study closely resembled M. maripaludis JJ and "Methanococcus deltae" ARC but differed significantly from M. voltae, M. vannielli, and "Methanococcus aeolicus." These results were consistent with their nutritional and immunological properties. Moreover, the isolates closely resembled the autotrophic isolates obtained previously, two of which (C6 and C7) were included for the results shown in Fig. 1 . Interestingly, by this technique M. maripaludis and "M. deltae" appeared to be much more closely related than were other species of methanococci. This conclusion is consistent with a reexamination of their nutritional properties and mol% G+C content (41) .
The 24 remaining enrichments contained fluorescent rodshaped cells (Table 6 ). The rods varied from flat coccobacilli similar to Methanoplanus spp. to long slender rods like Methanomicrobium spp. Many of these cultures also contained small numbers of other cell types, and one culture contained at least two types of fluorescent rods. Seven (Table 6 ). These cultures also differed in their sensitivity to sodium dodecyl sulfate. Although none of the cultures lysed more than 30% within 1 min, only one culture lysed less than 20% within 15 min of the addition of sodium dodecyl sulfate (data not shown). The extent of lysis of the other cultures was 30 to 70% within 15 min. The rod-shaped cells also lysed upon heat fixation to microscope slides, a response which is typical of methanogens with a protein cell wall. Nutritionally, these enrichments appeared similar. They produced methane from H2, formate, and isopropanol (Table 6 ). None produced methane from acetate or trimethylamine. Most also required small amounts of acetate and yeast extract for growth (data not shown). One culture grew slowly in the absence of both acetate and yeast extract. Two additional cultures grew slowly in the absence of yeast extract but with small amounts of acetate. Therefore, although this group of methanogens was morphologically diverse, it represented a nutritionally homogeneous group.
DISCUSSION
The methanogenic bacteria are a minor component of the microbial population in salt marsh sediments. The average numbers of methanogens in the salt marsh sediments at the times sampled were 11 x 106 and 3.4 x 106 cells per g of sediment in the SS and TS zones, respectively. These values represent the sum of the mean MPNs for H2 and trimethylamine utilizers. The acetate utilizers were not considered because the morphological data suggested possible overlap of this group with the H2 and trimethylamine utilizers (see below). Based upon previous estimates of microbial ATP in these sediments (7), the total number of bacteria can be estimated to be 21 x 108 and 7.5 x 108 cells per g of sediment in the SS and TS zones, respectively (4). Therefore, methanogens represented about 0.5% of the total bacteria in both zones.
Because this estimate was based upon growth in MPN enrichments and not direct counts, it may have underestimated the size of the methanogenic population if the sediments contained nonviable or nonculturable methanogens. However, three lines of evidence suggest that the magnitude of this error was small compared with the precision of the MPN experiments, which was about plus or minus fivefold of the MPN. (i) Pure cultures of methanococci can be enumerated quantitatively in this medium (unpublished data; 15). Thus, the culture conditions are suitable for these strict anaerobes.
(ii) The rate of methane evolution from these sediments can be compared with the rates from pure cultures and other methanogenic habitats by calculating the rate of methane evolution per cell (Table 7) . Thus, the apparent cellular rate of methane evolution in SS and TS zones was about 0.1 to 0.3 fmol per cell per h. These values are below the rates of methanogenesis in pure cultures and other methanogenic habitats previously studied. Although the pure-culture rate was obtained with H2-utilizing methanogens, acetate and trimethylamine utilizers have similar rates (24, 36) . Therefore, more than enough methanogens were enumerated by the MPN experiments to account for the observed rate of evolution. (iii) The relative numbers of methanogens in the marsh, 0.5%, is two-to fourfold lower (Table 7) . Three explanations appear plausible. (i) The apparent cellular rate was based upon measurements of methane evolution. Although aerobic methane oxidation at the sediment surface appears to be unimportant (18) , a substantial amount of methane could be oxidized anaerobically or within aerobic zones in the rhizosphere. Thus, the rate of evolution could underestimate the true rate of methanogenesis. (ii) In salt marsh sediments, the average generation time of the bacterial population is on the order of months (43) . This slowly growing population may also be metabolizing slowly. (iii) Only a small portion of the population may be active at any one time. The remainder may contain metabolically inactive but viable cells. In contrast, the other methanogenic habitats described are characterized by relatively high growth rates and the removal of nongrowing organisms by dilution. Therefore, their cellular rates of methanogenesis would not be expected to be typical of sediment communities.
At least two major groups of methanogens were identified in salt marsh sediments. One group could utilize H2 but not trimethylamine. The second group could utilize trimethylamine but not H2. Both groups were present in approximately equal numbers. In addition, sarcinas capable of utilizing both substrates were also present. However, their numbers were probably lower, because only one was purified from the H2 enrichments.
The most abundant H2-utilizing methanogens in all of the salt marsh zones were rod-or plate-shaped cells. Of (42) . Although their natural abundance was not determined, only a few of the methanogens represented in culture collections utilize these substrates. Their frequent occurrence in salt marsh sediments suggests that the ability to utilize isopropanol or other alcohols may be important for maintaining these methanogens in this environment. Because methane is a minor component of the carbon cycle in these sediments, these alcohols may still be a relatively minor intermediate in the anaerobic food chain.
Although less common than the isopropanol-utilizing methanogens, cocci were found in 8% of the highest-dilution H2-utilizing MPN tubes. The methanococci were identified only in SS or AD zones. However, because of their low numbers, it is not possible to conclude that they were absent in TS zones (41) . Three of these cocci were isolated and identified as strains of M. maripaludis. Because the growth of these methanococci is limited to H2 and formate, these substrates must also be available for methanogenesis in these sediments.
The most common trimethylamine-utilizing methanogens in the salt marsh sediments were cocci. Morphologically, they resembled Methanococcoides methylutens or Methanolobus tindarius, which have also been obtained from marine sediments (20, 38) . Although growth on dimethyl sulfide was not tested, dimethyl sulfide-utilizing methanogenes which also utilize trimethylamine have been reported to occur in estuarine sediments (16) . Because these cocci are relatively abundant, these substrates may be important for methanogenesis in these sediments (17, 28, 29) .
In contrast, the abundance of acetate-utilizing methanogens in the salt marsh does not demonstrate the importance of this substrate in sediments. The acetate enrichments contained either sarcinalike bacteria or short rods. The sarcina type morphologically resembled Methanosarcina acetivorans, which has also been isolated from marine sediments (37) . However, the sarcina types were also found in the H2 and trimethylamine MPN tubes, and the pure culture obtained from the H2 enrichments was able to utilize H2 and trimethylamine in addition to acetate. Therefore, the actual substrate of the methanogenic sarcina in sediments is uncertain. Similarly, the short rods also found in many of the acetate enrichments did not resemble known acetate-utilizing methanogens, like Methanothrix spp. It is possible that these enrichments contained a H2-utilizing methanogen in coculture with an acetate-oxidizing, proton-reducing bacterium (45) . Therefore, further studies will be required to elucidate the nature of these bacteria.
The numbers of methanogens per gram of sediment were two-to fourfold higher in the SS zone than in the TS zone. This distribution may reflect the relative abundance of Spartina roots, which are more compact in the SS zone. Likewise, high inputs of organic matter and microzones of depleted sulfate are more likely to occur near roots. Because S. alterniflora contains the osmoregulator glycine betaine, a precursor of trimethylamine in anaerobic sediments (5, 17, 26) , the concentrations of trimethylamine may also be higher near roots. Jones and Paynter (14) also observed a decrease in the population of H2-utilizing methanogens on the mud flats away from the Spartina plants. Therefore, although methanogenesis is a minor process in the salt marsh, it is still closely coupled to the Spartina plants, which are the primary source of productivity.
In conclusion, although the average population size of methanogens was relatively constant in either the SS or TS zone, there was significant spatial variation within each zone. In addition, although the relative abundance of methanogens able to utilize different substrates was fairly constant, there was large variation in the specific nature of the bacteria for at least one group, the H2-utilizing methanogens. Therefore, even when the numbers of methanogens were the same, they were often not the same methanogens. These observations illustrate the heterogeneity of this microbial community and emphasize the need for additional studies to fully characterize its complexity.
